ADP-ribosylation is a posttranslational modification involved in cellular homeostasis and stress, but has been challenging to analyze biochemically. To facilitate the detection of ADP-ribosylated proteins, we show that an alkyne-adenosine analog, N 6 -propargyladenosine (N 6 pA), is metabolically incorporated in mammalian cells and enables fluorescent detection and proteomic analysis of ADP-ribosylated proteins. Notably, our analysis of N 6 pA-labeled proteins up-regulated by oxidative stress revealed differential ADP-ribosylation of small GTPases. We discovered that oxidative stress induced ADP-ribosylation of Hras on Cys181 and 184 in the C-terminal hypervariable region, which are normally S-fatty-acylated. Downstream Hras signaling is impaired by ADP-ribosylation during oxidative stress, but is rescued by ADP-ribosyltransferase inhibitors. Our study demonstrates that ADP-ribosylation of small GTPases is not only mediated by bacterial toxins but is endogenously regulated in mammalian cells. N 6 pA provides a useful tool to characterize ADP-ribosylated proteins and their regulatory mechanisms in cells.
Introduction
which requires more sensitive methods to detect, recover and quantify ADP-ribosylated proteins from living cells and animals.
To improve the detection of biomolecules, metabolites bearing chemical tags (i.e. azides or alkynes) have emerged as excellent chemical reporters for analyzing protein and nucleic acid modifications 24 . Indeed, we previously demonstrated that N 6 -propargyl adenosine (N 6 pA) can be metabolically incorporated into RNA and the poly(A) tails in mammalian cells for subsequent bioorthogonal detection 25 . Here, we show N 6 pA can also be efficiently incorporated into ADP-ribosylated proteins in mammalian cells, which enables robust fluorescent detection and enrichment of labeled proteins (Fig. 1 ). Proteomic analysis of N 6 pA-labeled proteins up-regulated by oxidative stress revealed ADP-ribosylation of small GTPases such as Hras. During H 2 O 2 -induced oxidative stress, we discovered that Hras is ADP-ribosylated on key Cys residues in C-terminal hypervariable region that is normally Sfatty-acylated and inhibits downstream cell signaling. This study demonstrates the utility of N 6 pA for the detection and discovery of ADP-ribosylated proteins from living cells, which should facilitate functional studies of this complex posttranslational modification in biology and human diseases.
Results

N 6 pA labels ADP-ribosylated proteins in cells
To evaluate ADP-ribosylated protein labeling, HeLa cells were metabolically labeled with N 6 pA, lysed, subjected to Cu I -catalyzed azide-alkyne cycloaddition (CuAAC) with aziderhodamine (az-rho) and analyzed by in-gel fluorescence profiling. Proteins in HeLa cells were labeled with N 6 pA in a dose-and time-dependent manner that saturated at 1 mM after 1 hour (Supplementary Results, Supplementary Fig. 1a,b) . N 6 pA labeled proteins in all mammalian cell lines tested ( Supplementary Fig. 1c ). The N 6 pA labeling was competed away with 5 mM adenosine, but not guanosine ( Fig. 2a and Supplementary Fig. 2a ). To confirm N 6 pA was metabolically converted to N 6 -propargyl NAD (N 6 pNAD), we performed ethanol extraction of HEK293T cells treated with DMSO or N 6 pA and evaluated NAD metabolites by mass spectrometry. The total ion current revealed little difference between the two runs with extracted ion current peaks for the singly charged NAD mass (m/z 664.1164) present in both DMSO and N 6 pA treated samples ( Supplementary Fig. 3a,b) . However, the singly charged N 6 pNAD (m/z 702.1320 Da) was only detected N 6 pA-treated samples at approximately 3 minutes ( Supplementary Fig. 3a,b) . The mass of both the NAD and N 6 pNAD was confirmed by high-resolution mass spectrometry and fragmentation analysis, which revealed the major ion for both peaks was nicotinamide loss (Supplementary Fig. 3c-f ). These results demonstrate that mammalian cells can metabolize N 6 pA to N 6 pNAD, which is a substrate for ARTDs in vitro 19 , and covalently label proteins in a variety of mammalian cell types.
To evaluate the specificity to N 6 pA-protein labeling in mammalian cells, we evaluated known ADP-ribosylated proteins and their biochemical properties. Treatment of total cell lysates with phosphodiesterase 26, 27 abrogated N 6 pA-labeling, which showed that N 6 pA is indeed covalently attached to proteins by a phosphodiester linkage ( Supplementary Fig. 4a ). N 6 pA also labeled wild-type histone H2B-GFP 28, 29 , but not its Glu3Ala mutant ( Fig. 2b and Supplementary Fig. 2b ), demonstrating site-specific labeling of a previously reported ADPribosylated protein 28 . Furthermore, N 6 pA labeled endogenous ARTD1, which was increased with H 2 O 2 -induced oxidative stress ( Fig. 2c and Supplementary Fig. 2c) . Notably, N 6 pA labeling detected low levels of ARTD1 modification in unstimulated cells, whereas anti-pan-ADP-ribose binding reagent (MABE-1016, pan-ADPr) was only reactive towards ARTD1 in H 2 O 2 -treated cells ( Fig. 2c and Supplementary Fig. 2c ), suggesting N 6 pA labeling can detect low levels of ADP-ribosylation. The specificity of N 6 pA labeling was further evaluated with ARTD inhibitors and knockout cells. Pretreatment of HeLa cells with ARTD inhibitors, 3-aminobenzamide or olaparib 30 , at their effective concentrations blocked N 6 pA labeling ( Fig. 2d and Supplementary Fig. 2d ). N 6 pA labeling of murine embryonic fibroblasts (MEFs) was also significantly reduced in ARTD1 (PARP1)-deficient cells under steady state conditions compared to wild-type MEFs (Fig. 2e, Supplementary Fig. 1d , and Supplementary Fig. 2e ). The low levels of N 6 pA labeling in wild-type and H 2 O 2 -treated ARTD1 −/− MEFs was still blocked by broad-spectrum ARTD inhibitors, olaparib, PJ-34, or Tiq-A, but less still sensitive to ARTD1-4 selective inhibitor ABT-888 30 ( Supplementary  Fig. 1d ). Similar results were also observed with pan-ADPr detection ( Supplementary Fig.  1d ). These results collectively show that ARTDs can mediate N 6 pA labeling of mono-and poly-ADP-ribosylated proteins in mammalian cells.
Proteomic analysis of N 6 pA-labeled proteins
Having established that N 6 pA labeled ADP-ribosylated proteins in mammalian cells, we performed proteomic analysis of HeLa cells subjected to H 2 O 2 -induced oxidative stress, as ADP-ribosylation has been reported to be up-regulated under these conditions 31 . Indeed, pan-ADP-ribosylation levels (pan-ADPr) were ( Supplementary Fig. 2e ) and N 6 pA-protein labeling ( Supplementary Fig. 4a ,b) of total cell lysates increased following H 2 O 2 -treatment (4 mM for 1 h) in the presence of serum-rich media. N 6 pA-protein labeling was also sensitive to phosphodiesterase treatment from H 2 O 2 -induced oxidatively stressed cells ( Supplementary Fig. 4a ). In H 2 O 2 -treated cells, N 6 pA labeling often generated smears in cell lysates reminiscent of poly-ADP-ribosylation that was also recovered after immunoprecipitation with poly-ADP-ribose-antibody ( Supplementary Fig. 4c ). For proteomic analysis, N 6 pA-labeled and H 2 O 2 -treated HeLa cell lysates were reacted with azide-biotin, affinity purified with streptavidin beads and subjected to on-bead protease digestion followed by protein identification using mass spectrometry ( Supplementary Fig.  5a -c). Each sample was run in quadruplicate for label-free proteomic analysis using MaxQuant v.1.5.3.8. Correlation plots of identified peptides showed good reproducibility of the data over the four replicates ( Supplementary Fig. 6a,b) . A summary of the N 6 pA-labeled samples revealed 259 and 240 proteins enriched above the DMSO controls in untreated and H 2 O 2 -treated samples, respectively ( Fig. 3a and Supplementary Data Sets 1-3). Amongst the high confidence N 6 pA-labeled proteins, 37 percent from the untreated samples and 35 percent from the H 2 O 2 -treated samples were identified in previous ADP-ribosylation proteomic studies using either anti-poly-ADP ribose antibody 8 , borate affinity 17 , ADPribose macro-domain 16 , alkynyl-NAD in vitro 19 , or ARTD1-3 alkynyl-NAD orthogonal pair 22 labeling and enrichment studies ( Supplementary Fig. 7a and Supplementary Data Sets 1-3). More specifically, our N 6 pA-enriched protein dataset overlapped 15 and 18 percent, respectively, with anti-poly-ADP ribose antibody 8 , which was performed in non-denaturing conditions, and ARTD1-3 alkynyl-NAD orthogonal pair 22 poly-ADP-ribosylation proteomic studies ( Supplementary Fig. 7a ). Bioinformatic analysis of our proteomic dataset, suggests N 6 pA-labeled primarily labeled nuclear and cytoplasmic proteins involved in DNA and RNA processing ( Supplementary Fig. 7b,c) , consistent with reported functions of ADPribosylation 3 . To validate N 6 pA enrichment of ADP-ribosylated proteins, we analyzed DDX5, DDX17, nucleolin and filamin ( Supplementary Fig. 8a,b) . DDX5 was only found in the untreated samples, whereas DDX17, nucleolin and filamin were found in both untreated and H 2 O 2 -treated samples ( Supplementary Fig. 8b ), which correlated with our proteomic data (Supplementary Data Sets 1-3) and other ADP-ribosylation proteomic studies 8, 16, 17, 19, 22 . These results suggest N 6 pA labels known and new candidate ADPribosylated proteins in mammalian cells.
Oxidative stress induces Hras ADP-ribosylation
Our N 6 pA proteomic dataset revealed a number of new candidate ADP-ribosylated proteins in untreated and H 2 O 2 -treated cells (Fig. 3a and Supplementary Data Sets 1-3), including small GTPases such as Rab7a, RhoA and Hras. To validate ADP-ribosylation of these GTPases, epitope-tagged constructs were expressed in HEK293T cells, metabolically labeled with N 6 pA, immunoprecipitated, reacted with az-rho and visualized by in-gel fluorescence scanning. Analysis of GFP-HA-Rab7a 32 confirmed N 6 pA labeling in control and H 2 O 2 -treated cells ( Fig. 3b and Supplementary Fig. 9a ). In contrast, FLAG-RhoA and HA-Hras were preferentially labeled by N 6 pA in H 2 O 2 -treated cells (Fig. 3c,d and Supplementary Fig. 9b,c) . To further characterize the specificity of Hras ADP-ribosylation, we showed that HA-Hras N 6 pA-labeling was abrogated with 5 mM adenosine, but not guanosine ( Supplementary Fig. 10a ), sensitive to phosphodiesterase treatment ( Supplementary Fig. 10b ) and resistant to hydroxylamine (NH 2 OH) cleavage ( Supplementary Fig. 10c ), which hydrolyzes Glu-and Asp-linked ADP-ribosylation 17 as well as S-fatty-acylation of Cys residues 33 ( Supplementary Fig. 10c ). The enhanced modification of endogenous Hras from H 2 O 2 -treated cells was also confirmed by western blot analysis of N 6 pA-enriched proteins ( Supplementary Fig. 5d ). The apparent SDS-PAGE mobility of N 6 pA-labeled Hras suggests it is mono-ADP-ribosylated ( Fig. 3d and Supplementary Fig. 9c ). Pretreatment of HEK293T cells with the broad-spectrum ARTD inhibitors, olaparib (10 μM), PJ-34 (100 μM), or Tiq-A (10 μM) abrogated N 6 pA-labeling of HA-Hras ( Fig. 3d and Supplementary Fig. 9c ), while the ARTD1-4 selective inhibitor ABT-888 30 only had a minor effect on N 6 pA labeling ( Fig. 3d and Supplementary Fig. 9c ). These results suggest Hras is ADP-ribosylated by ARTDs through an NH 2 OH-resistant linkage that is induced in oxidatively stressed cells.
Hras is one of four related small GTPase isoforms that regulate cell proliferation in response to growth factor signaling 34 . The four Ras isoforms (Hras, Nras, Kras4A, and Kras4B) share significant sequence homology except for the C-terminal hypervariable region ( Fig. 4a and Supplementary Fig. 11 ), which are differentially lipidated to control their cellular localization and signaling properties 31 . All four isoforms are S-farnesylated at the canonical Cys residue of the CaaX-motif, but only Hras, Nras and Kras4A are further Spalmitoylated 34 (Fig. 4a) . To evaluate the generality of Hras ADP-ribosylation, we analyzed all four isoforms and found that only HA-Hras, HA-Nras, and HA-Kras4A constructs were labeled with N 6 pA in H 2 O 2 -treated cells (Fig. 4b and Supplementary Fig. 12a) . As Kras4B has a polybasic region in hypervariable region for plasma membrane targeting instead of additional Cys residues for S-palmitoylation 34 , we hypothesized that ADP-ribosylation of Hras may occur on Cys residues 181 and 184. Indeed, mutation of Cys181 and 184 to Ala significantly reduced N 6 pA labeling of Hras ( Fig. 4c and Supplementary Fig. 12b ). In contrast, the Hras S-farnesylation mutant, Cys186Ala, had comparable N 6 pA labeling to wild type ( Fig. 4c and Supplementary Fig. 12b ). N 6 pA labeling other Hras mutants showed H 2 O 2 -induced ADP-ribosylation does not occur on Arg41 or 128, which are modified by the bacterial toxin ExoS 13 and also not significantly changed in oncogenic mutants such as Gly12Val (G12V) (Supplementary Fig. 10d ). Additionally, endogenous Ras immunopurified from wild-type and ARTD1−/− MEFs was labeled by N 6 pA, demonstrating that the ADPribosylation of Ras is not under ARTD1 control ( Fig. 4d and Supplementary Fig. 12c ). To independently verify the site-specific ADP-ribosylation, HA-Hras and the Cys mutants were expressed, immunopurified and analyzed with pan-ADP-ribose binding reagent (pan-ADPr). Only wild-type Hras and Cys186Ala mutant was detected by pan-ADPr ( Fig. 4e and Supplementary Fig. 12d ), confirming ADP-ribosylation of Cys181 and 184 on Hras in oxidatively stressed cells.
ADP-ribosylation of Hras inhibits signaling under stress
ADP-ribosylation of Hras at Cys181 and 184, which are also key sites of S-palmitoylation 34 , suggests a switch in posttranslational modification of this small GTPase during oxidative stress. To measure endogenous Hras S-fatty-acylation levels during oxidative stress, we utilized an S-acyl-PEGylation exchange (APE) protocol developed by our laboratory ( Supplementary Fig. 13a ) 35 . The APE protocol is based on the acyl-biotin exchange protocol 36 , which caps free Cys residues and employs NH 2 OH to cleave thioesters for subsequent modification of thiols with PEG-maleimide reagents to induce a mass shift that is readily detectable by western blot ( Supplementary Fig. 13a ). In control HEK293T cells, APE analysis shows approximately 50 percent of endogenous Hras is di-S-fatty-acylated, with another 10 percent that is mono-S-fatty-acylated and 40 percent unmodified (Fig. 5b,c and Supplementary Fig. 13b ). In contrast, endogenous Hras was not S-fatty-acylated in H 2 O 2 -treated cells compared to a control protein, calnexin (CANX) 37 , a dually Spalmitoylated protein that was PEGylated at similar levels in both conditions (Fig. 5b,c and Supplementary Fig. 13b ). These results suggest endogenous Hras is not S-palmitoylated during oxidative stress (Fig. 5b,c and Supplementary Fig. 13b ), but becomes ADPribosylated based on our N 6 pA-labeling ( Fig. 3d and Supplementary Fig. 9c ), enrichment ( Fig. 5d and Supplementary Fig. 4c ) and proteomic data (Fig. 3a) . It is should also be noted that PJ-34 does not affect the levels of Hras S-fatty-acylation ( Supplementary Fig. 14) , suggesting ADP-ribosylation does not compete with S-fatty-acylation normally but occurs during oxidative stress.
We next investigated whether ADP-ribosylation affected Hras signaling during oxidative stress. To evaluate Hras signaling, we monitored the activation of downstream kinases Erk and Akt 38 , which are induced by cellular stress [39] [40] [41] , and analyzed ADP-ribosylation in parallel with N 6 pA labeling. For these experiments, whole cell lysates were assayed for both Erk/Akt and phosphorylated Erk/Akt by western blot, while the N 6 pA labeling of HA-Hras constructs was assessed by immunoprecipitation, reaction with az-rho and in-gel fluorescence (Fig. 6a, Supplementary Fig. 15 , and Supplementary Fig. 16a ,c). Cells were pretreated with PJ-34 2 hours before N 6 pA labeling and oxidative stress to evaluate pharmacological inhibition of ADP-ribosylation on Hras signaling. All samples were run in triplicate and quantified (Fig. 6b,d , Supplementary Fig. 15 , Supplementary Fig. 16b ,d, and Supplementary Figure 17 ). The N 6 pA labeling of Hras occurs in as little as 20 min after H 2 O 2 -treatment and increases with time, while Erk/Akt phosphorylation levels increased after 20 min and returned to baseline after 1 hour (Fig. 6a,b, Supplementary Fig. 15 ,and Supplementary Fig. 16 ). In contrast, addition of PJ-34 to H 2 O 2 -treated cells with completely abrogated N 6 pA labeling for all time points, while phosphorylated Erk levels increased over time and became 4-fold higher compared to control cells (Fig. 6a,b and Supplementary Fig.  15 ), which was similar for phosphorylated Akt levels ( Supplementary Fig. 16a,b) . Total Erk/Akt protein levels were not affected by H 2 O 2 or PJ-34 treatment (Fig. 6a,b and Supplementary Fig. 16 ). These affects on downstream Hras signaling were also observed with lower concentrations of ARTD inhibitors 10 μM PJ-34 ( Supplementary Fig. 16c,d ) and olaparib ( Supplementary Fig. 18 ). These results suggest that H 2 O 2 -induced ADPribosylation inhibits Hras activation of downstream signaling pathways, which can be rescued with ARTD inhibitors.
To evaluate specific sites of Hras ADP-ribosylation during H 2 O 2 -induced oxidative stress, HEK293T cells were transfected with wt HA-Hras or the double cysteine mutant (C181A and C184A), labeled with N 6 pA, and treated with H 2 O 2 for 2 h (Fig. 6c and Supplementary  Fig. 17 ). For all HA-Hras constructs, N 6 pA labeling was blocked by pretreatment with PJ-34 ( Fig. 6c,d and Supplementary Fig. 17 ). Total Erk levels appear to be unaffected by the different HA-Hras constructs, oxidative stress, or PJ-34 treatment. Interestingly, the HAHras double Cys mutant, which is not S-fatty-acylated or ADP-ribosylated, showed low levels of phosphorylated Erk compared to wt Hras, which is inactive in H 2 O 2 -treated cells (Fig. 6c,d and Supplementary Fig. 17 ). With PJ-34 treatment, phosphorylated Erk levels for wt HRas was increased 2-fold whereas no change was observed for the C181/184A HAHras mutant (Fig. 6c,d and Supplementary Fig. 17 ). The increase in phosphorylated Erk levels under these conditions is dependent upon the GTPase activity of Hras, since G12V mutant is more active than wt and C181/184A HA-Hras constructs ( Fig. 6e and Supplementary Fig. 19 ). Collectively, these results suggest that site-specific ADPribosylation of key Cys residues in the C-terminal hypervariable of Hras inhibits its downstream cell signaling during oxidative stress.
Discussion
ADP-ribosylation is an important and complex posttranslational modification in biology that still requires sensitive biochemical methods for functional studies. Here we demonstrate that metabolic labeling with an alkyne-adenosine reporter, N 6 pA, enables sensitive fluorescence detection and enrichment of ADP-ribosylated proteins from mammalian cells. In comparison with other ADP-ribosylation methods and proteomic studies, N 6 pA enables detection and profiling in living cells not accessible with alkynyl-NAD analogs 19, 22 , does not require PARG knockdown or inhibitors 8, 16, 17 and not biased towards the modification of specific amino acids 17, 22 . N 6 pA also appears to label mono-and poly-ADP-ribosylated substrates based on the proteins that are enriched ( Supplementary Fig. 9a ,b, Supplementary Data Sets 1-3). Although N 6 pA may also label poly-ADP-ribosylated substrates in cells, we primarily observe mono-ADP-ribosylation of immunoprecipitated proteins with N 6 pA labeling and ingel fluorescence detection, which may depend upon the antibody, solubility and stability of mono-and poly-ADP-ribosylated proteins. These unique features of N 6 pA-labeling allowed us to profile ADP-ribosylated proteins in healthy and oxidatively stressed cells, which revealed known and new candidate mono-and poly-ADP-ribosylated proteins.
Most notably, our N 6 pA-comparative proteomic studies uncovered ADP-ribosylation of small GTPases such as RhoA and Hras in oxidatively stressed cells. Our additional results suggest oxidative stress induces mono-ADP-ribosylation of Hras at Cys residues that are normally S-palmitoylated in healthy cells and inhibits downstream Erk kinase signaling. Pharmacological inhibition of ADP-ribosylation rescues Hras signaling in oxidatively stressed cells, which may provide a mechanism by which ARTD (PARP) inhibitors may enhance cell survival in pathogenic settings 42 . Although, ARTD inhibitors block N 6 pAlabeling of Hras (Fig. 3d) , we cannot exclude that these small GTPases (Hras, RhoA) may also be covalently modified by free ADP-ribose in oxidatively stressed cells. Our discovery of Hras ADP-ribosylation sites at Cys181 and 184 also adds to a growing appreciation of this modification on thiols 43 and reveals an important chemical switch from Spalmitoylation during oxidative stress that inhibits downstream signaling ( Supplementary  Fig. 20) . The ADP-ribosylation of Hras adds to the complex regulation of the Ras proteins in the hypervariable region including, phosphorylation 44 , and proline isomerization 45 and depalmitoylation 46 , among other posttranslational modifications 34 . Our study provides the first example of endogenous ADP-ribosylation of small GTPases in mammalian cells, which has only been described during bacterial infection by ADP-ribosyltransferase toxins 13 . Interestingly, other studies have suggested that Hras Cys181 and 184 can also be oxidized and modified with glutathione during oxidative stress 47 , which suggests that these key Cys residues in the C-terminal hypervariable region of Hras are dynamically modified by S-fattyacylation, S-glutathiolation, ADP-ribosylation and are highly sensitive to metabolic changes in cells. Our studies also provide another example of dynamic interplay between S-fattyacylation and other posttranslational modifications 48 , which have been observed for example with S-palmitoylated and S-nitrosylated PSD-95 49 and suggested for other proteins from PTM-selective proteomic studies 50 . Understanding the mechanisms that regulate the dynamic interplay between PTMs in different cell types and states will be an important area of future study.
Finally, N 6 pA labeling provides a complementary approach to protein-based detection reagents (macrodomain-fusions and antibodies) 8, 16 that may recognize specific mono-or poly-ADP-ribose structures. Moreover, N 6 pA derivatives could be used with specific site mapping strategies 17 as well as engineered ARTDs 22 to directly identify specific enzyme substrates and their sites of protein modification in cells. Adenosine chemical reporter labeling approaches therefore should provide powerful methods to discover and characterize the functions of ADP-ribosylated proteins and their regulatory mechanisms in biology and human disease.
Online Methods
N-(9-(2-(4-(6-azidohexanoyl)piperazine-1-carbonyl)phenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium (az-rho) was synthesized as previously reported 51 . N 6 -propargyladenosine (N 6 pA) was synthesized as previously reported 52 . After synthesis, the identity of N 6 -propargyladenosine was confirmed by 1 H NMR in comparison with previously published spectra and by mass spectrometry.
Cell Lines and Culture
HeLa, MEF, and HEK293T cells were sourced from ATCC. The ARTD1 (PARP1) −/− MEFs were a gift from Dr. Valerie Schreiber. Cell lines were not further authenticated. Cell lines were tested for mycoplasma contamination by DAPI staining. HeLa, MEF, and HEK293T cells were cultured 10% FBS (Hyclone) in DMEM (Gibco) at 37 °C with 5% CO 2 and passaged every 2-3 days at 90% confluency. N 6 pA labeling and H 2 O 2 -treatment 4 × 10 5 cells in a 6-well plate labeled with 1 mL of fresh media containing 2 μL of 500 mM N 6 pA solution in DMSO or DMSO alone. The cells were incubated at 37 °C and 5% CO2 for 1 h. For drug treatment, 20 μL of 1 M 3-aminobenzamide in DMSO, 10 μL of 1 mM olaparib in DMSO, or DMSO was added to the media prior to labeling. The cells were placed in the incubator for 1 h. After 1 h, 2 μL of 500 mM N 6 pA solution in DMSO or DMSO control was added and the cells were placed again in the incubator for 1 h. For a 10 cm dish (Falcon) 5 mL of fresh media was used for labeling and for a 30 cm dish (Falcon), 13 mL of fresh media was used.
For N 6 pA labeling followed by H 2 O 2 treatment, 4 × 10 5 cells in a 6-well plate were labeled with 2 mL of fresh media containing 1 μL of 100 mM N 6 pA solution in DMSO or DMSO alone. The cells were incubated at 37 °C and 5% CO 2 for 8 h. For drug treatment, 2 μL of 10 mM olaparib in DMSO, 2 μL of 100 mM PJ-34 in DMSO, 2 μL of 10 mM ABT-888 in DMSO, 4 μL of 10 mM Tiq-A in DMSO or DMSO was added to the media prior to labeling. The cells were placed in the incubator for 2 h. After 2 h, 1 μL of 100 mM N 6 pA solution in DMSO or DMSO control was added and the cells were placed again in the incubator for 8 h. After 8 h, the cells were removed from the incubator and 10 μL of a 40 mM H 2 O 2 solution in PBS or PBS was added and the cells were placed in the incubator for 1 h.
In-gel fluorescence detection
Cell lysates (50 μg -determined by Pierce BCA assay) in 45 μL 4% SDS lysis buffer (50 mM HEPES, 150 mM NaCl, pH 7.4, 250 U benzonase) were reacted with 5 μL freshly premixed click chemistry reaction cocktail [az-rho (100 μM, 10 mM stock solution in DMSO), tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (1 mM, 50 mM in water), tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) (100 μM, 10 mM stock solution in DMSO) and CuSO 4 (1 mM, 50 mM in water)] for a total reaction volume of 50 μL for 1 h at room temperature. The reactions were terminated by the addition of ice-cold methanol (200 μL), chloroform (75 μL), and water (150 μL) for 10 min at 20 °C and centrifuged at 15000g for 5 min at 4 °C to precipitate proteins. The protein was washed twice more with 500 μL ice-cold methanol. The supernatant from the samples was discarded. The protein pellets were air dried for 20 min, suspended in 35 μL of resuspension buffer (4% SDS, 50 mM HEPES pH 7.4, 150 mM NaCl), diluted with 12.5 μL 4× reducing SDS-loading buffer (BioRad) and 2.5 μL β-mercaptoethanol and boiled; 20 μg of protein was loaded per gel lane for separation by SDS-PAGE (4 20% Bio-Rad Stain Free Tris-HCl gel). SDS-PAGE gels were imaged on GE typhoon 5400 for fluorescent labeling. For protein loading, stain-free gels (BioRad) were imaged using Molecular Imager Gel Doc XR System (Bio Rad) with the stain-free filters.
Plasmids
Plasmids were obtained from Addgene; H2B-GFP (plasmid 11680 -deposited by Geoff Wahl) and GFP-HA-Rab7 (12605 -deposited by Richard Pagano). The HA-Kras4A and HA-Kras4B plasmids were obtained from the Phillips lab (New York University). Plasmids were also obtained from the H2B-GFP Glu3Ala mutant was generated using QuickChange Lighting mutagenesis kit following manufacturer's directions using the primer: 5′-GCCACCATGCCAGCCCCAGCGAAGTCTGCT-3′. Hras mutants were obtained with the QuickChange II XL mutagenesis kit using the primers below. Hras mutants:
C41A: 5′-cactatagaggattcctacgcgaagcaggtggtcattgat-3′, 5′-atcaatgaccacctgcttcgcgtaggaatcctctatagtg-3′
C128A: 5′-ctgagcctgcgcagattccacagtgcgtgc-3′, 5′-gcacgcactgtggaatctgcgcaggctcag-3′
C181A and 184A: 5′-gagcacacacttggcgctcatggcgccggggccactc-3′, 5′-gagtggccccggcgccatgagcgccaagtgtgtgctc-3′
C186A: 5′-gagatcaggagagcacagccttgcagctcatgcagc-3′, 5′-gctgcatgagctgcaaggctgtgctctcctgatctc-3′
After site directed mutagenesis, all plasmids were DNA sequenced to verify their identity. Immunoprecipitation 4 × 10 5 HEK293T cells in a 6-well plate were transfected with 1 μg of DNA plasmid using lipofectamine 2000 (Invitrogen) for 24 h following the manufacture instructions. The next day, the cells were labeled with N 6 pA, lysed in 1% Brij (50 mM HEPES, 150 mM NaCl, pH 7.4, 1 μM adenosine 5′-diphosphate (Hydroxymethyl)pyrrolidinediol (ADP-HPD)) on ice. Lysates were cleared at 15000g for 3 min. 700 μg of protein was added to protein G beads (Roche) coupled with 2 μg of anti-GFP (JL-8, clontech) for histone H2B. For the HA-and FLAG-tagged proteins, 20 μL of either anti-HA or anti-FLAG Sigma EZ-view immunopurification beads were used. The beads were rocked for 1 h at 4 °C and washed 3 times using ice-cold RIPA buffer. 50 μL of 50 mM HEPES buffer was added and on bead click chemistry was performed by adding 1 μL of 50 mM CuSO 4 , 1 μL of 50 mM TCEP, 2.5 μL of 2.5 mM TBTA in DMSO, and 0.5 μL of 10 mM az-rho in DMSO. The beads were mixed for 1 h and washed 3x with ice-cold RIPA buffer. 20 μL of 4% SDS loading buffer was added and the beads were boiled for 5 min and 20 μL run on an SDS-PAGE gel. ARTD1 was immunopurified using an anti-ARTD1 antibody (Santa Cruz Biotech, sc-1562) from 9 × 10 6 HeLa cells in a 15 cm dish using 1.5 mg of cell lysate. Poly (ADP-ribose) was immunopurified using an anti-PAR antibody (Trevigen, 4336-APC) from 9 × 10 6 HeLa cells in a 15 cm dish using 1.5 mg of cell lysate. Ras was immunopurified using an anti-Ras antibody (abcam 108602) from approximately 4x10 7 and anti-Ras (Millipore, 1:1000, RAS10) in PBST followed by a wash step as above. Next, the blots were treated with either goat anti-mouse-HRP conjugated secondary antibody (1:5000, Abcam, ab97023) or goat anti-rabbit-HRP conjugated secondary antibody (1:5000, Abcam, ab6013) depending on the species of the primary antibody, washed, and visualized with ECL Western blotting detection reagents.
Phosphodiesterase treatment
N 6 pA-labeled and H 2 O 2 -treated HEK293T cells were lysed with 1% Brij in HEPES buffer and 50 μg of lysates (measured by the BCA assay) was treated with 1 unit (based on enzymatic bis-(p-nitrophenyl) phosphate hydrolysis) of tobacco acid phosphodiesterase (Epicenter) or water, and the samples were heated to 37 °C for 0.5 h and then the lysates were reacted with az-rho, as describe above. For immunoprecipitated samples, the samples were affinity purified, washed in RIPA buffer, and then resuspended in 50 μL of HEPES buffer. To this slurry 1 unit of the tobacco acid phosphodiesterase or water was added. The slurry was shaken for 1 h at 37 °C, washed, and then reacted with az-rho.
Hydroxylamine treatment
For alk-16 labeling, HA-Hras transfected HEK293T cells in a 6-well plate were treated with 50 μM alk-16 or DMSO for 4 h. After HA-Hras transfection, N 6 pA labeling, oxidative stress, immunopurification, and reacted with az-rho, the EZ view beads were split in two. Half were boiled in loading buffer for 5 min. and the other half were boiled in loading buffer containing 1 M of neutralized hydroxylamine for 5 min. The samples were then separated on a SDS-PAGE gel and analyzed by in-gel fluorescence.
On-bead digestion protein identification
A 30 cm dish of HeLa cells was grown to confluency for each experiment. Cells were labeled with N 6 pA, treated with H 2 O 2 , and lysed with 4% SDS (50 mM HEPES, 150 mM NaCl, pH 7.4, 250 U Benzonase). 2 mg of cell lysate was reacted with azido-biotin (Click Chemistry tools) for 4 h (1 mM CuSO4, 1 mM TCEP, 200 μM TBTA, 200 μM azido-biotin) at 1 mg/ml. Protein was precipitated using methanol (8 mL), chloroform (3 mL), and water (6 mL) overnight at −20 °C and washed with methanol (5 mL) twice the following morning. Protein pellets were dried for 1 h and solubilized in 200 μL of 4% SDS buffer. The sample was diluted to 1 mg/mL with 50 mM HEPES buffer (150 mM NaCl, pH 7.4). 25 μL of streptavidin beads (Thermo) were added to the sample and the beads and solution were rocked for 1 h. The beads were washed using 3x 1% SDS (50 mM HEPES, 150 mM NaCl, pH 7.4), 3x 5 M Urea (50 mM HEPES, 150 mM NaCl, pH 7.4), and 3x PBS. Centrifugation of the beads between washing steps was carried out (2000 × g, 1 min). Samples were split and half the beads were boiled in 20 μL of 4% SDS loading buffer and separated by SDS-PAGE. The other half was suspended in 200 μL 25 mM ammonium bicarbonate, reduced with 1 mM DTT (100 mM stock) for 30 min, and then alkylated with 50 mM iodoacetamide (1 M stock) in the dark for 30 min. Then, the beads were washed with 200 μL of 25 mM ammonium bicarbonate, and suspended in 50 μL of 25 mM ammonium bicarbonate. 0.1 μg of trypsin (Promega) was added, and the samples were digested at 37 °C overnight. The supernatant was collected and dried on a speedvac and solubilized in 5% acetonitrile/1% formic acid for LC-MS/MS analysis.
Extracted tryptic peptides were desalted on a trap column following separation on a 12 cm/75 μm reversed phase C 18 column (Nikkyo Technos Co., Ltd. Japan). A 180 minutes gradient increasing from 10% B to% 45% B in 133 minutes (A: 0.1% Formic Acid, B: Acetonitrile/0.1% Formic Acid) were delivered at 200 nL/min. The liquid chromatography setup (Dionex, Boston, MA, USA) was connected to an Orbitrap XL (Thermo, San Jose, CA, USA) operated in top-8-CID-mode with MS spectra measured at a resolution of 60,000@m/z 400. Acquired tandem MS spectra were extracted using Maxquant software version 1.5.3.8 and queried against the Uniprot complete human database and processed using Perseus. Peptides fulfilling a calculated 1% false discovery rate threshold were reported. Additionally, for the labeled samples vs. DMSO controls absent values were imputed at 0. For the untreated versus H 2 O 2 -treated comparison, values were imputed based on the normal distribution of values. In order to determine if a protein was a valid hit, the false discovery rate was lower than 1% and the mean difference of the control and N 6 pAlabeled samples had be greater than 1 with p<0.05 determined by the t-test. To determine if the hits had been previously reported, the proteomic list was compared to previously published data 8, 16, 17, 19, 22 .
APE protocol
Cell samples were lysed with 4% sodium dodecyl sulfate (SDS, Fischer) in TEA buffer (pH 7.3, 50 mM triethanolamine (TEA), 150 mM NaCl) containing 1x protease inhibitor cocktail (Roche), 5 mM PMSF (Sigma), and 1500 units/mL benzonase (EMD). After the samples were lysed, 5 mM EDTA (Fischer) was added. Typically, 200 μg in 92.5 μL of lysis buffer was treated with 5 μL of 200 mM neutralized TCEP for 30 minutes with nutation. N-ethylmaleimide (NEM, Sigma), 2.5 μL from freshly made 1 M stock in ethanol, was added incubated for 2 hours at room temperature. Reductive alkylation of the proteins was then terminated by methanol-chloroform-H 2 O precipitation (4:1.5:3) with sequential addition of methanol (400 μL), chloroform (150 μL) and distilled H 2 O (300 μL) (all pre-chilled on ice). The reactions were then mixed and centrifuged (Centrifuge 5417R, Eppendorf) at 15,000 g for 5 minutes at 4 °C. To pellet the precipitated proteins, the aqueous layer was removed, 500 μL of pre-chilled MeOH was added, the eppendorf tube inverted several times and centrifuged at 15,000 g for 3 minutes at 4 °C. The supernatant was then decanted, and the protein pellet washed once more with 500 μL of pre-chilled MeOH, centrifuged again and dried using a speed-vacuum (Centrivap Concentrator, Labconco) To ensure complete removal of NEM from the protein pellets, the samples were resuspended with 100 μL of TEA buffer containing 4% SDS, warmed to 37 °C for 10 minutes, briefly (~5 seconds) sonicated (Ultrasonic Cleaner, VWR) and subjected to two additional rounds of methanolchloroform-H 2 O precipitations as described above.
For hydroxylamine (NH 2 OH) cleavage and 5 kDa mPEG-maleimide alkylation, the protein pellet was resuspended in 30 μL TEA buffer containing 4% SDS, 4 mM EDTA and treated with 90 μL of 1 M neutralized NH 2 OH (J.T. Baker) dissolved in TEA buffer pH 7.3. Control samples not treated with NH 2 OH were diluted in 90 μL TEA buffer. Samples were incubated at room temperature for 1 hour with nutation. The samples were then subjected to methanolchloroform-H 2 O precipitation as described above and resuspended in 30 μL TEA buffer containing 4% SDS, 4 mM EDTA, warmed to 37 ° C for 10 minutes and briefly (~5 seconds) sonicated and treated with 90 μL TEA buffer and 1.33 mM 5 kDa methoxypolyethylene glycol-maleimide (mPEG-Mal, Sigma). Samples were incubated for 2 h at room temperature with nutation before a final methanol-chloroform-H 2 O precipitation. Dried protein pellets were resuspended in 100 μL 1 X Laemmli buffer (BioRad) and then heated for 5 minutes at 95 °C.
Biotin Enrichment of N 6 pA labeled proteins
A 10 cm dish of HEK293T cells was grown to confluency for each experiment. Cells were labeled with N 6 pA, treated with H 2 O 2 , and lysed with 4% SDS (50 mM HEPES, 150 mM NaCl, pH 7.4, 250 U Benzonase). 2 mg of cell lysate was reacted with azido-biotin (Click Chemistry tools) for 4 h (1 mM CuSO4, 1 mM TCEP, 200 μM TBTA, 200 μM azido-biotin) at 1 mg/ml. Protein was precipitated using methanol, chloroform, and water at −20 °C and washed with methanol (5 mL) twice the following morning. Protein pellets were dried for 1 h and solubilized in 200 μL of 4% SDS buffer. The sample was diluted to 1 mg/mL with 50 mM HEPES buffer (150 mM NaCl, pH 7.4). 25 μL of streptavidin beads (Thermo) were added to the sample and the beads and solution were rocked for 1 h. The beads were washed using 3x 1% SDS (50 mM HEPES, 150 mM NaCl, pH 7.4), 3x 5 M Urea (50 mM HEPES, 150 mM NaCl, pH 7.4), and 3x PBS. Centrifugation of the beads between washing steps was carried out (2000 × g, 1 min). The beads were then boiled in SDS-PAGE buffer and transferred to a PDVF membrane.
Western blot analysis of Erk activation
HEK293T cells in 6-well plates were transfected with 1 μg of HA-Hras per well with lipofectamine 2000 for 24 h following manufacturer instructions. Cells were treated with PJ-34 at 10 or 100 μM for 2 h or DMSO and then with 50 μM N 6 pA for 8 h. Cells were then oxidatively stressed with 4 mM H 2 O 2 for 20, 60, or 240 min. Cells from 1 well were lysed with 1% Brij in 50 mM HEPES, 150 mM NaCl, pH 7.4 with 1x phosSTOP (Roche) and 1x Protease inhibitor cocktail (Roche). Protein concentration was measured by the BCA assay. 50 μg of whole cell lysate was run on an SDS-PAGE gel for each sample to measure the Erk and phosphorylated Erk levels by western blot. The remaining samples were pooled for immunoprecipitation experiments.
Cell Metabolite Extraction
293T cells were grown in a 10 cm dish were labeled with N 6 pA or DMSO. The following day, the media was aspirated and the cells were washed with PBS and collected with by centrifugation at 1000g for 2 min. The cells were then lysed with 500 μL of 75% ethanol/ 25% 50 mM HEPES, 150 mM NaCl pH 7.4 for 5 min at 80 °C. The extracts were then cleared by centrifugation at 16,000g for 10 min at 4 °C and the solution was pipetted off and dried in a speedvac. The extracts were then resolubilized in 20 μL of 100 mM ammonium acetate pH 9.
For the mass spectrometry, the samples were loaded onto and separated by reversed phase C18 chromatography (Acclaim 120 C18 2.1 mM ID x 150 Mm) using the following method: isocratic for 2 minutes at 5% B/95% A (A: 0.1% formic acid, B: and 0.1% formic acid / acetonitrile) followed by an increase to 60% B /40% A over 18min and hereafter further increased to 100% B over 1min. Solvents were delivered at 200 uL/min. Analytes were electrosprayed into an Orbitrap XL (Thermo, San Jose, CA, USA) using an ESI-HESI source operated at 250 °C, 30 psi sheath, and 10 psi auxiliary gas. The heated capillary was kept at 200 °C. MS spectra were measured at 60,000 resolution@400Th in the Orbitrap while MS/MS spectra (the most abundant ion per cycle) were subjected to CID and measured in the ion trap. Ion traces were extracted (window of 5ppm) using Qual Browser Thermo Excalibur 2.1, SP1.1160. Generated tandem MS spectra were manually validated.
Statisical Methods
For statistical analysis, significance was calculated for the data using an unpaired t-test with P < 0.05. All summary statistics of the results are given as mean ± s.e.m.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Metabolic labeling with N 6 pA followed by bioorthogonal labeling enables fluorescent detection and proteomic analysis of mono/poly-ADP-ribosylated proteins. 
